ABSTRACT The dynamics of plasma membrane retrieval has been studied in the pancreatic acinar carcinoma in order to determine if neoplastic cells exhibiting a heterogeneity of cytodifferentiation states retain the capacity to interiorize and recycle plasma membrane. To this end, the plasma membranes of neoplastic pancreatic acinar cells were labeled with radioiodinated cationic ferritin (125I-CF), and the fate of the tracer was monitored by quantitative electron microscopic autoradiography. The undifferentiated granule-deficient cells of the tumor internalized membrane-bound 'RI-CF and sequestered it predominantly in lysosomes. By contrast, the differentiated granule-rich cells internalized significantly more membrane-bound 1"I-CF,.and the tracer was localized in secretory granules and in lysosomes. The data suggest that neoplastic cells retain the capability of retrieving plasma membrane and that the dynamics of the process is correlated with the state of cytodifferentiation of the neoplastic cells.
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Cationic ferritin (CF) has recently been used to study the retrieval of plasma membrane in the dissociated cells of the anterior pituitary gland (1) and the thyroid follicular cells (2) . The significant finding from these studies is that although some of the retrieved membrane-is sequestered in lysosomes and presumably degraded, the remainder reaches organelles that comprise the secretory pathway [the Golgi cisternae, secretory granules, and elements of GERL (Golgi-associated endoplasmic reticulum from which lysosomes form) (3)] to be recycled in successive waves of the secretory cycle. The existence of considerable. membrane traffic between plasma membrane and the Golgi cisternae and lysosomes in both normal plasma cells and myeloma cells has been demonstrated by Ottosen et al. (4) . However, plasma-membrane recycling has not been well-documented for neoplastic epithelial cells. As a result, in the present investigation a transplantable rat pancreatic acinar carcinoma (5) was used as a model system to determine whether or not carcinoma cells retain the capability of retrieving plasma membrane. Because the cells that comprise this tumor exhibit well-characterized cytodifferentiated states (6, 7), an additional aim was to ascertain whether undifferentiated neoplastic pancreatic acinar cells with a paucity of secretory (zymogen) granules internalize plasma membrane and distribute it in a manner different from that of the differentiated, well-granulated cell types. To accomplish this, the plasma membrane of pancreatic acinar carcinoma cells, maintained in short-term culture, was labeled with radioiodinated CF (125I-CF), and the fate of the plasma membrane in secretory granule-deficient (undifferentiated; GD) and secretory granule-rich (differentiated; GR) neoplastic cells was monitored by quantitative electron microscopic autoradiography.
MATERIALS AND METHODS Materials. Materials used were purchased as follows: horse spleen ferritin (cadmium free), twice crystallized from Calbiochem-Behring; Na'"I from Amersham; a-chymotrypsin, collagenase (class IV), deoxyribonuclease I, hyaluronidase, and soybean trypsin inhibitor from Worthington; bovine serum albumin (fraction V) and medium 199 from GIBCO; and Ilford K-5 and LA emulsions from Polyscience (Warrington, PA). A pancreatic acinar carcinoma, transplanted subcutaneously in F344 male Charles River rats, was used in this investigation (5) .
Preparation of 125I-CF. CF of pI -7.5 was prepared from horse spleen ferritin (pI 4.9) by the carbodiimide reaction as described (8) . The CF was then radioiodinated by the lactoperoxidase/glucose oxidase method of Hubbard and Cohn (9) , and the free iodine was removed by passing the iodinated product through a Sephadex G-50 column. The efficiency of the iodination was =90%. The resultant '`I-CF was lyophilized, reconstituted in 0.15 M NaCl, and centrifuged at 20,000 X g for 30 min to remove aggregates, and the pI was redetermined. No change in the pI of the '`I-CF was noted after radioiodination.
Dissociation of Pancreatic Acinar Tumor Cells. Pancreatic acinar tumor cells were dissociated by a modification of a previously described method (7) . Briefly, one gram of tumor tissue was diced into 1-mm3 fragments and treated with deoxyribonuclease (100 units/ml) for 10 min in KRB buffer (pH 7.4) containing 0.3% bovine serum albumin, a supplement of L-amino acids, glucose (2.0 mM), Ca2' (2.0 mM), and Mg2+ (2.0 mM). Subsequently, the fragments were treated further with an enzyme mixture in KRB buffer consisting of collagenase (50 units/ ml) and soybean trypsin inhibitor (0.25 mg/ml). The resultant fragments were incubated for 10 min in KRB containing 2.5 mM EDTA but lacking divalent cations (Ca2+ and Mg2'). The tumor cells were mechanically dispersed by pipetting and filtered through a 40-,m steel mesh, and the dead cells were removed by centrifugation through KRB buffer containing 4% bovine serum albumin. Prior to use, the cells were incubated in suspension in medium 199 containing 0.3% bovine serum albumin and 0.05% soybean trypsin inhibitor for 16-18 hr with continuous gassing with 95% 02/5% CO2. All incubations and enzyme treatments were carried out at 370C.
Experiments with CF and 1251-CF. Tumor cells (1.0 X 106 cells per ml of medium 199) were incubated with CF (100 ,ug/ ml) or 125I-CF (10 ,Ci/ml; 1 Ci = 37 GBq) for 5 min at 4°C. Subsequently, the medium was removed and replaced with medium 199 lacking 125I-CF, and the cells were incubated at 370C for 0, 5, 10, 15, 30, 60, and 120 min. At the end of each time period, an aliquot of cells was removed and fixed by the addition of an equal volume of Karnovsky's aldehyde fixative, 6878 Cell Biology: Kanwar et al.
the cells were pelleted, and the pellets were processed for electron microscopy as described (10) .
Preparation of Electron Microscopic Autoradiograms. For electron microscopic autoradiography, silver/gold sections were cut on a Reichert ultracut Microtome, and the sections were transferred onto collodion-coated slides and coated with a monolayer of Ilford L-4 emulsion. The slides were exposed for 1 month and developed in D-19 for 2 min at 200C. The sections were then processed to grids by the solid substrate method of Salpeter and Bachmann (11) . The sections were stained with 2% uranyl acetate for 5 min and counterstained with lead citrate for 3 mm.
Morphometric Analysis. Cell types. Separate analyses were carried out on the undifferentiated GD and differentiated GR neoplastic pancreatic acinar cells.
Cell sampling. A total of 25 micrographs for each time point of each cell type (GD and GR) were obtained in a systematic random manner with cells that had been treated with 125I-CF. Only cell profiles possessing a nucleus were photographed. All micrographs were taken on a Philips 300 electron microscope at a magnification of x 5,000 and printed at a magnification of x 15,000. Under the conditions used (Ilford L-4 emulsion and silver/gold sections), the half-distance, which is a measure of the resolution of the autoradiographic method, is-900 A for 125I (11) .
Selection of Grain Compartments. The following grain compartments were defined for the intracellular organelles and specific cytoplasmic domains of GD and GR cells: (i) the plasma membrane and a two-half-distance region of endoplasmic reticulum and cytoplasm immediately subjacent to it (the two-halfdistance plasma membrane compartment); (ii) Golgi cisternae and a two-half-distance region of endoplasmic reticulum and cytoplasm surrounding the cisternae; (iii) secretory granules; (iv) lysosomes; (v) the nucleus; (vi) mitochondria; and (vii) residual endoplasmic reticulum and cytoplasm.
Determination of Grain Density. The concentration of radiation (percent grains/percent area of organelle) in each of the above defined compartments as a function of time was determined as described (10 cretory apparatus, most of the internalized plasma membrane is degraded in lysosomes, whereas in the GR cells only a portion of it is degraded in lysosomes, and the remainder is channeled to the secretory granules for use in successive waves of the secretory cycle. The experiments with CF indicated similar trends of sequestration; after 120 min, most of the CF was found in lysosomes in the GD tumor cells (Fig. 3) .
DISCUSSION
Dissociated neoplastic pancreatic acinar cells cultured overnight (GD and GR) were found to incorporate [3H]leucine into proteins and to process the secretory product (data not presented) through the classical pathway previously described by Jamieson and Palade (12) , thereby suggesting that the secretory pathway remained operative after 16-18 hr of incubation. Accordingly, the cells were considered suitable for plasma membrane internalization studies. The processing of secretory proteins in the freshly dissociated GD and GR cells has been extensively studied in a recent investigation and should be consulted for details (13) .
The 15I-CF autoradiographic data demonstrate that neoplastic pancreatic acinar cells internalize and distribute excess plasma membrane in a manner similar to that of normal cells (1, 2, 14, 15 ). In addition, the undifferentiated GD cells of this carcinoma internalize less plasma membrane than do their differentiated GR cell counterparts and channel it predominantly to lysosomes, where it is presumably degraded. By contrast, .4 Po.Nt.Aa.Si S 0(93 documented (18, 19) . The recent finding that membrane-bound CF is sequestered in the Golgi apparatus, secretory granules, and elements of GERL in the dissociated cells of the anterior pituitary raises the possibility that interiorized plasma membrane can be recycled (1) . This is in agreement with biochemical studies on the acinar cells of the pancreas and parotid gland that indicate that membrane proteins turn over at a slower rate than the secretory proteins themselves, suggesting that membrane components are reutilized (23) (24) (25) . The presently obtained data on the phenomenon of membrane retrieval in neoplastic epithelial cells provide definitive quantitative evidence that these cells retain the capability of recycling plasma membrane and that the dynamics of the process may be linked to the state of their cytodifferentiation.
The possibility that channeling of internalized plasma membrane mostly to lysosomes in GD cells is a reflection that these cells secrete newly synthesized protein at constant rates by bypassing the typical storage step remains to be examined. Further studies also are required to establish whether the extent of plasma membrane retrieval in GR neoplastic pancreatic acinar cells is comparable to that occurring in normal acinar cells. Recent studies from our laboratory (26) demonstrate a lack or a marked reduction in the amount of a major glycoprotein of Mr 80,000 in the pancreatic acinar carcinoma secretory granule membrane. Whether the absence or reduction of this secretory granule membrane glycoprotein leads to quantitative alterations in plasma membrane retrieval and recycling in GR neoplastic cells as compared to normal exocrine pancreatic acinar cells requires elucidation.
The mechanism whereby the internalized membrane is distributed to the organelles of their destination remains unknown. The fact that membrane-bound 125I-CF was not found to be associated with mitochondria, the nucleus, and the Golgi apparatus of neoplastic pancreatic acinar cells suggests that the process is not indiscriminate. However, as shown in the present investigation and in other studies on normal cells (1, 2, 14, 22) , the distribution process is not entirely specific either because membrane-bound CF can reach several intracellular compartments. A possible explanation for the distribution of '25I-CF-labeled interiorized membrane is to envision that such a membrane interacts with the delimiting membrane of organelles with which it is compatible in a random manner. This is suggested by the fact that the level of membrane-bound i'I-CF associated with the secretory granules of the neoplastic pancreatic acinar cells was found to increase with the fractional volume of this organelle.
It should be noted that the grain density data obtained do not represent the relative amount of internalized plasma membrane reaching each compartment. This is due to the fact that the grain density determination does not take into consideration the capacity of a given compartment to accommodate retrieved membrane. For example, lysosomes, which represent <1% of the fractional volume of the neoplastic pancreatic acinar cells and therefore are low-capacity organelles, can achieve high grain density readings by sequestering small amounts of retrieved plasma membrane. By contrast, secretory granules, which represent at least 20% of the fractional volume of these same cells would have to accumulate at least 20 times the retrieved membrane to show similar grain density readings. As a result, the grain density values indicate which organelles interact with the internalized plasma membrane and the relative affinities of the interactions but do not indicate the relative amount of the membrane that becomes associated with each compartment. In conclusion, the presently obtained data establish that neoplastic cells retain the capability of retrieving plasma membrane and that the dynamics of the process is probably related to the state of cytodifferentiation of the cells.
